Recent years have seen an increasing appreciation of the pervasive (genome-wide) transcription that occurs in most genomes and the multiple functional roles of RNAs within cells 1, 2 . Many individual laboratories have contributed to this work, although much of it was done for large projects, such as the Encyclopedia of DNA Elements (ENCODE) 3 , the model genome ENCODE (modENCODE) 4 , FANTOM 5 and the US National Institutes of Health's Roadmap Epigenome 6 . One of the goals of these consortia was to map and characterize comprehensively the transcriptomes of humans and a diverse collection of model organisms. The relatively rapid development of powerful high-throughput sequencing 7 and in vivo screening techniques 8 has provided the means to accomplish these goals in a very short time. Such studies have consistently found that non-protein-coding RNAs make up most of the transcriptional output of genomes and that many of the functional systems operating within cells involve non-coding transcripts 9, 10 . Additionally, mapping and sequence characterization of the RNAs involved in many of these cellular processes have resulted in interesting observations about the way the information stored in genomes is organized, the way the expression of these RNAs is regulated, novel biochemical processes that point to a possible function and fate of new RNA classes, and the evolutionary implications of increased complexity in the way the genome is organized. In turn, the involvement of RNAs in each of these areas has prompted a reconsideration of the roles of RNA in inheritance and disease 11, 12 . One striking class of non-coding RNA found in several species consists of transcripts containing either sequence elements that map at large distances from each other or that are found on separate chromosomes. Such chimaeric RNAs reveal new dimensions to how information can be stored in genetic systems. This Review surveys the regulatory and evolutionary implications of such chimaeric RNAs.
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Organization of information in genomes
In eukaryotic cells, the storage units of heritable information are compartmentalized in the nucleus as DNA and as epigenetic marks etched on the DNA itself and the associated chromatin proteins. RNA, by contrast, has been seen primarily as an intermediary that accurately transfers information from the genome. Its functional roles, such as assisting in the synthesis of proteins by acting as a messenger (mRNA) or as a scaffold for protein synthesis (rRNAs), and helping to gather amino acids for protein synthesis (tRNA), have encouraged the view that the information stored in the genome is transferred to RNA in a co-linear fashion; in other words, the nucleotide sequences found in RNA transcripts are ordered in the same linear fashion as those found in the DNA genome. The discovery of splicing provided a more modular and non-contiguous view of this co-linear relationship, but even so the order of sequences in both DNA and RNA has been maintained (Fig. 1a) . This co-linear organization seems logical and efficient given the perceived primacy of DNA in the genetic hierarchy. Additionally, underlying this co-linear organization of information in the genome and its transfer to RNA is the premise that the sequences that will be joined together in the mature RNAs reside on the same precursor RNA molecule. Indeed, this seems to be the primary path of RNA processing from primary to mature transcripts.
However, structural studies of RNAs in several species have revealed that the sequences that are ultimately joined together on the same mature transcript can be encoded in separately transcribed RNAs with multiple distinct genomic origins (Fig. 1b) . Individual RNAs can be transcribed on separate chromosomes (form 1 in Fig. 1b) , on the same chromosome but with a different genomic order from that found in the mature RNA (form 2), on the same chromosome but transcribed from different strands (form 3), or on the same chromosome but from different alleles (form 4).
One of the first observations that supported the joining of sequences derived from separate molecules was the discovery of trans-splicing. Discovered first in trypanosomes 13 , the process was later shown to occur in Caenorhabditis elegans and other nematodes 14 , in the protist Euglena 15 , in flatworms 16, 17 and in higher eukaryotes 18 . In nematodes and trypanosomes, short stretches of nucleotides mapping to separate distal regions in their genomes are trans-spliced onto the 5ʹ ends of many protein-coding genes. These short sequences are derived from short leader RNA genes (SL genes) that can be positioned thousands of nucleotides away, upstream or downstream (5ʹ or 3ʹ, respectively), or on different chromosomes from the genes to which their sequences are spliced. Additionally, unlike the cis-splicing observed in higher eukaryotic cells, this trans-splicing involves the cleavage and joining of two separate transcripts.
Trans-splicing is not limited to worms and trypanosomes. Clear evidence of trans-splicing in mammalian cells is beginning to emerge. One of the most striking examples was reported in human cells by Li et al. 19 , with the characterization of a developmentally regulated trans-splicing event involving the 5ʹ exons of transcripts from the JAZF1 gene on chromosome 7p15 and the 3ʹ exons of JJAZ1 (also known as SUZ12) located on chromosome 17q11. In endometrial stroma cells, this chimaeric RNA is translated into a chimaeric anti-apoptotic protein. Interestingly, neoplastic stroma cells of the endometrium constitutively express the chimaeric RNA and protein because of a translocation involving these two chromosomal regions. So similar chimaeric RNA and proteins are made in normal cells and genetically rearranged neoplastic cells by two different, non-overlapping mechanisms. The expression level of the chimaeric RNA in the cells containing the translocation is elevated, and this loss of regulation of the expression of the chimaeric gene products is similar to regulatory mutations in oncogenes associated with neoplastic transformation 20 . These studies also raise the possibility that the trans-splicing events may be a precondition for chromosomal exchange and further suggest studies to determine whether chimaeric RNAs, which are often found as a result of such structural mutations, are present in the same non-transformed cells.
A second example of a clinically important trans-spliced RNA was observed in a study of a novel erythroblast transformation specific (ETS) family fusion transcript SLC45A3−ELK4 (ref. 21) . In this study, the chimaeric SLC45A3−ELK4 transcript was expressed in normal and benign cancer cells of the prostate. Characterization of the fusion mRNA revealed a major variant in which SLC45A3 exon 1 is fused to ELK4 exon 2, leading to the expression of a novel protein. Based on quantitative PCR analyses of DNA, unlike other ETS fusions described in prostate cancer, the expression of SLC45A3−ELK4 mRNA is not exclusive to the formation of chromosomal rearrangements. As with the JAZF1 and JJAZ1 case, both the chimaeric RNA and protein can be formed by either in vivo trans-splicing or a genetic rearrangement event. The SLC45A3−ELK4 chimaeric RNA result is notable for two clinical reasons. First, the chimaeric transcript can be detected at high levels in urine samples from men at risk of prostate cancer. Second, treatment of the LNCaP cell line with R1881 synthetic androgen indicates that the fusion transcript is differentially regulated, making treatment with androgen antagonists of potential therapeutic value.
The increased prevalence of chimaeric RNAs in other normal cells is supported by both clinical and empirical observations. Cancer geneticists have puzzled over why chimaeric RNAs are detected in normal tissues used as controls for transformed cells. As with JAZF1 and JJAZ1 genes, chimaeric RNAs involving the immunoglobulin heavy chain gene (IGH) and the BCL2 gene have been observed in spleen tissues from normal individuals. Interestingly, a translocation (t14:18) involving the same genes is seen in neoplastic haematopoietic cells such as lymphomas 22 . Additionally, in other studies designed to identify the 5ʹ termini of genes expressed in many different tissues and cell lines as part of the pilot phase of the ENCODE project, approximately 65% of the genes tested were found to be involved in the formation of chimaeric RNAs. These genes had distal unannotated 5ʹ transcription start sites that were joined to RNAs from genes located hundreds of thousands of nucleotides 3ʹ to these sites. In such cases, multiple intervening genes and their corresponding transcripts were not involved in the formation of the chimaeric RNAs. Although these results could be examples of very-long-distance co-linear splicing, this is unlikely because some of the genes that take part in the formation of the chimaeric RNAs are encoded on the opposite strand. However, unlike the studies done by Li et al. 19 , these normal tissues were not tested for the presence of low-level rearrangement events. Two studies have recently suggested that detection of chimaeric RNAs by the deep sequencing of individuals' transcriptomes could provide early detection of the kinds of chromosomal rearrangements found in patients with cancer 23 . Although the detection of chimaeric RNAs may sometimes result from a genetic translocation event, it is misleading to assume that such re arrangements are present, because the chimaeric RNAs could have come from nonchromosomal rearrangements.
These and other studies raise the question of whether chimaeric RNAs that contain sequences from multiple non-co-linear positions in the genome are more commonly found in normal tissues than previously appreciated. Evidence from the pilot phase of the ENCODE project 3, 24, 25 and other independent studies (see, for example, refs 26 and 27) supports the prevalence of such chimaeric RNA production in both normal Genomic organization tissues and established cell lines 18 . The pilot ENCODE studies reported that approximately 65% of the protein-coding genes mapping within the boundaries of the ENCODE circumscribed regions contributed to the formation of chimaeric RNAs, half of which contained sequences of genes that mapped to the opposite strand of the index gene used in these studies (unpublished observations). It is important to note that the observation of chimaeric RNAs involving a large proportion of genes does not imply that such RNAs have high copy numbers. However, the level of expression of exons comprising chimaeric RNAs is often similar to that of annotated transcripts 24 . An unusual type of chimaeric transcript has been reported and is represented by chimaeric RNAs that contain exon sequences that were out of order compared with the exons found in the human genome. This type of non-co-linear representation of information in the genome is exemplified by a SEC14L2 isoform in which upstream exons were inserted between downstream exons (Fig. 2) .
The molecular mechanisms controlling the joining of sequences from two individual RNA molecules are still uncertain, although we do have some leads. For example, Bruzik and Maniatis showed that RNA molecules containing a 3ʹ splice site and enhancer sequence are efficiently spliced in trans 29, 30 . The products are RNA molecules that contain normally cisspliced 5ʹ splice sites or are trans-spliced, as seen with the SL RNAs from lower eukaryotes. Additionally, Li et al. 18 computationally identified chimaeric RNAs in the RNA and expressed sequence tag (EST) databases of yeast, fly, mouse and human, and have confirmed approximately 30% of them by RT-PCR. They frequently found short homologous sequences (SHSs) at the junction sites of the chimaeric RNAs and, curiously, they proposed a transcriptional-slippage model, rather than the 'copy choice' 31 or classic trans-splicing model 32 , to explain the generation of those chimaeric RNAs synthesized from templates with SHSs.
Whatever mechanism(s) controls the formation of chimaeric RNAs, they are seen in eukaryotic cells from worms to humans. Nevertheless, with the exception of some well-studied cases cited previously, no function has yet been identified for the large majority of observed chimaeric RNAs.
The expression of non-co-linear information
The organization of information in a genome and its non-co-linear transfer into RNA has implications for the way in which such transcriptional processes are regulated. If information transferred to RNA can be derived from sequences found in at least two different transcripts, then either the regulation of the synthesis of the individual transcripts involved in the trans-splicing must be coordinated or the half-life characteristics of at least some transcripts must allow temporally uncoordinated regulation of their expression. The coordinated regulation of expression of individual transcripts and the subsequent joining of these individual transcripts raises the possibility that these activities are carried out in close three-dimensional proximity in the cell.
Studies of nuclear organization in a cell indicate that non-ribosomal RNAs may be transcribed in subcompartments or foci known as transcription factories 33 and that these factories are stably maintained in the absence of active transcription 34 . Transcription factories are sites enriched in RNA polymerase II and may contain other processing factors needed to create mRNAs 35, 36 . For any single cell, there seem to be fewer transcriptional factories than the number of expressed genes 37 , which suggests that multiple genes share the same transcriptional machinery. Genes located cis and trans to one another may share the same factory, suggesting that distal genes migrate to preassembled nuclear sites. Osborne et al. used fluorescent in situ hybridization to investigate the genes associated with transcription factories during immediate-early gene induction in mouse B lymphocytes 38 . They found that the mouse Myc proto-oncogene, on chromosome 15, is recruited to the same transcription factory as the highly transcribed Igh gene, located on chromosome 12. A similar association is seen in human cells 38 . Interestingly, human MYC and IGH are the most frequent translocation partners in plasmacytoma and Burkitt's lymphoma. These data suggest that there is a direct link between the nonrandom association of two genes in an interchromosomal organization of transcribed genes in transcription factories and suggest that this association may be involved in specific chromosomal translocation. Although chimaeric RNAs have not yet been observed in normal plasmacytes, the three-dimensional association of these two genes to the same transcriptional factory offers the possibility that the RNAs made from MYC and IGH participate in trans-splicing, and that there may be chromosomal translocation events, as seen with the JAZF1 and JJAZ1 and SLC45A3 and ELK4 genes described earlier. Transcription factories that can carry out transcription and the formation of chimaeric RNAs may be either normal or specialized. Evidence for specialized factories has been described 37 , and the nucleolus is an excellent example. Figure 3 shows a model for a hypothetical specialized factory. Such a model predicts a non-random correlation among the genomic sites that can be observed in close proximity in three-dimensional space, as detected by chromosome conformation capture carbon copy (5C) 39 and genomic regions encoding transcripts that are involved in the formation of chimaeric RNAs. 
Evolutionary implications
Both the information content of genomes and the strategies to transfer this information from DNA to RNA have increased over the course of evolution. The transfer of information in eukaryotic cells from worms to humans has also been accompanied by increased segmentation of genomic information. This segmentation has allowed permutations of sequences in an RNA context and the development of increasingly complex RNA-processing mechanisms, as demonstrated by RNA splicing and trans-splicing. The segmentation of information in a DNA context, and the mechanisms to create permutations of them for RNA, are potential areas of active selection. The possible use of multiple precursor transcripts and the ability to alter the exon combinations found within them to form mature chimaeric transcripts would have the advantage of increasing the informational content of genomes dramatically, and would probably drive an increase in the complexity of the processing machinery. For a single primary transcript, this increase in complexity can be expressed by formula 1 in Box 1 and is illustrated in Fig. 4a . However, in the case of two or more primary transcripts contributing to a mature processed RNA in a non-co-linear and permuted fashion, the total number of possible transcripts can be expressed by formula 3 in Box 1 and is illustrated in Fig. 4b , c.
Using DNA as a reference for evolutionary studies
The potential use of multiple precursor transcripts to form a single mature chimaeric RNA product, and the possibility of altering the order of the genomic sequences in chimaeric transcripts, raises two points that have evolutionary implications. The first concerns the identification of a complete set of both functional sequence segments and the evolutionarily constrained sequences. Constrained genomic sequences are often identified by the alignment of orthologous sequences using one of several sequence-analysis programs [40] [41] [42] [43] [44] [45] . Such alignments are often used to infer functionality. However, if functional RNA sequence regions can be made from modules of non-co-linear sequences that arise by the permutation of genomic sequences encoded in the DNA, short evolutionary constrained or novel functional regions of genomes may be joined together in RNA space. Such products cannot be found by analysing genomic sequences. Programs designed to identify constrained sequences in DNA would probably fail to detect such novel RNA-encoded sequences.
The second point concerns the use of genomic DNA as the sole reference to identify the sequences that manifest the effects of evolutionary pressures. Using DNA as a reference to study evolutionary pressures on sequences naturally stems from its role in inheritance. However, focusing on DNA as the sole subject to catalogue genetically transmitted functional elements, and as the only molecule to analyse for evolutionary constraints, ignores the growing number of acknowledged functional roles of RNA. It also potentially misses the novel RNA-encoded sequence elements that are often used to carry out these functions. The identification of functional regions encoded in a co-linear fashion is relatively straightforward for both DNA and RNA, but the same cannot be said for functional regions created from non-co-linear segments. Unless these sequence regions have been catalogued previously (such as the SL1 and SL2 transcripts in C. elegans), or the rules of how distal non-co-linear sequences are to be joined in a transcript are known, then analyses of the transcriptome, as well as the genome, may be required if we are to catalogue all the functional regions subject to selection.
Interpreting genetic variation
Genetic variation, from a single nucleotide to gross chromosomal rearrange ments, is the basis of evolutionary change. Two biases influence the interpretation of the effects of such genetic variation. The first is that the effect is most often interpreted to be related to the nearest gene annotation. Thus, a variation in an exon of a gene is often interpreted as causing a malfunction of that gene, leading to an abnormal phenotype. The second bias is that the effect of the variation is associated in the context of the extended but local genetic locus. If a genetic variation is observed to be proximal but is not within an exon of a gene, the effects are usually explained in terms of misregulation of a gene located nearby. Such interpretations are common and are often well supported. However, current genetic association studies are widening the range of study to include long-distance trans effects, for example with single-nucleotide polymorphisms mapping hundreds of thousands of base pairs associated with urinary bladder and prostate cancers 46, 47 . This is prompted by the recent observation that almost half of all polymorphisms found to be statistically correlated with complex diseases or traits are located at a non-annotated and distal genomic site (an intron or intergenic region) 48 . The joining of distal genomic regions by the formation of chimaeric RNAs provides additional motivation for this broadening of genetic analyses.
Conclusions
Consideration of the non-co-linear organization of genomes raises several questions. For example, why do genomes resort to a non-co-linear strategy of organizing stored information? The relatively straightforward co-linear organization of functional information in the genome is likely to be most common, but non-co-linear organization appeared early in the evolution of the eukaryotic genome, as exemplified by worms and trypanosomes. The advantages of such a complex strategy include providing a means of increasing the information content of genomes and allowing possible new combinations of exons operating in a relatively redundant fashion (motif sharing) and functioning in more significant roles (such as the formation of newly spliced mRNAs allowing increased protein diversity). Additionally, the use of non-co-linear organization leading to the formation of chimaeric RNAs might also allow the real-time monitoring of transcripts that are co-regulated RNAs. Such a function leads to the prediction, which remains to be tested, that chimaeric RNAs would be formed from genes that had similar expression profiles observed over development or in response to some external stimuli.
A second question concerns the relatively low-level expression of chimaeric transcripts, as illustrated by the infrequent reports from the many cDNA library studies. Is this because cells rarely use chimaeric RNAs or because such RNAs are non-functional units of transcription and part of a general RNA-processing background? The answer is not yet clear. The lack of multiple reports of biologically functional chimaeric RNAs in organisms other than worms, trypanosomes and a few higher eukaryotes may stem from the fact they have often been observed in cDNA studies but discarded because of the current models of genome organization. Alternatively, perhaps they are simply not observed because of the shallow depth of sampling of the transcriptome or as a result of the method of analysis (such as the use of arrays).
What is clear, however, is that the non-co-linear organization of information in genomes is more common than previously thought. It is seen both in lower eukaryotes, in which trans-splicing is integral, and in higher eukaryotes, in which its presence is observed but its importance remains unclear. Its strategic and evolutionary advantages are interesting, but many questions remain. Discussions about the functional importance of the transcription of non-protein-coding DNA are already under way. If we are to understand the nature of the non-co-linear organization of information, additional experiments will be required, and these are likely to entail an expansion of efforts in two underdeveloped areas of study. The first involves the three-dimensional characterization of important biochemical processes in which the spatial proximities of component molecules allow distal regions of the genome or RNAs to interact. The second area involves studying in greater detail subcellular compartmentalization in which specialized molecular processes occur. These subcompartment studies are likely to find both protein and RNA components of specialized processes that are difficult to detect when whole cells are examined (because of their low copy number) but are enriched when subcellular fractionation is carried out. Both of these areas of experimentation will increase our appreciation of the elegance and complexity of genetic systems. If two or more primary transcripts contribute to a mature processed RNA in a non-co-linear and permuted fashion, the total number of possible permuted transcripts can be expressed as
where L again is the total number of exons and m is the number of exons in the mature transcripts. Thus, if two primary transcripts with 2 and 3 exons (L = 5) are used to create only a 3-exon mature transcript (m = 3), a total of 60 permuted transcripts can be made (Fig. 4b) . There are 325 possible permuted transcripts using 1-5 exons. The dependence of the total number of mature transcripts on the number of possible exons for the non-co-linear permuted case diverges exponentially from the co-linear case (Fig. 4c) . 
